availability of a sequenced genome [Kasahara et al., 2007] offers a rich source of information and facilitates genomic studies on the medaka Fox gene family. Until this study, only 5 Fox genes were characterized in medaka [Okamoto et al., 2001; Li et al., 2007] . In the present study, we set out to identify and classify those Fox genes in medaka in order to study aspects of gene evolution and developmental function of the Fox family of genes in this species.
Materials and Methods

Fish
The inbred strain Hd-rR was used as the experimental model. Developmental stages of the embryos were determined according to criteria described by Iwamatsu [2004] .
Identification of Fox Genes
First we downloaded the sequences of human and zebrafish Fox genes transcription factors from the National Center for Biotechnology Information (NCBI) and ZFIN, respectively. These Fox genes were then used to search for counterpart Fox genes in the medaka genome database by TBLASTX through Ensemble [Hubbard et al., 2005] . The identified sequences were used to search back against the NCBI database by BLASTX to detect matches that were not Fox genes. mRNA from adult tissues and fry (stage 45) were extracted using the RNeasy kit (Qiagen, Germany), and the cDNA was synthesized using the SMART TM RACE cDNA Amplification Kit (Clontech) according to manufacturer's instructions. Full or partial length clones were cloned by Rapid Amplification of cDNA Ends (RACE) using the universal primer and the gene-specific primers designed from those sequences we identified from the genome searches. Primer sequences are listed in online supplementary table 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000335898).
Phylogenetic Analysis and Synteny Identification
For phylogenetic analysis, multiple alignments were performed using ClustalW [Thompson et al., 1997] . The phylogenetic tree was generated with MEGA 5.0 [Tamura et al., 2011] using a maximum likelihood algorithm with a Jones-Taylor-Thornton (JTT) model. Synteny analyses of FOX genes were performed using information from the genome browsers from human and medaka within the Ensemble database. The Synteny Database [Catchen et al., 2009 ] was used for large-scale synteny analyses. Generally, 30 Mb around the human FOX genes were taken into account. For the analysis of paralogous relationships within the medaka genome, human was chosen as the out-group genome.
Spatial and Temporal Expression Patterns
Quantitative PCR The mRNA from different medaka tissues including liver, spleen, brain, intestine, eye, ovary, and testes and that of embryos at different stages: 2-8 cells (stage 3-5), blastula (stage 10), gastrula (stage 15), stage 17, stage 25, stage 29, stage 31, stage 34, stage 36, and stage 39 were extracted using the RNeasy kit, and the RNA were reverse-transcribed to cDNA using the Omiscript kit (Qiagen) according to the manufacturer's protocols after DNase I (Invitrogen) treatment.
Real-time PCR was carried out according to the protocol of Platinum SYBR Green quantitative PCR (qPCR) SuperMix UDG (Invitrogen). ␤ -Actin was used as an internal control. Data were expressed as the mean 8 SD of 15 replicates. The primer sequences and the product lengths are listed in online supplementary table 1.
Whole-Mount in situ Hybridization WISH of medaka embryos was carried out according to protocols described elsewhere [Shinomiya et al., 2000] . Sense and antisense digoxigenin-labeled RNA probes for WISH were synthesized partial length clones of Fox genes with a DIG RNA labeling kit (Roche). The length of probe and the primers used are listed in online supplementary table 1.
Results
Identification of Fox Transcription Factors in the Medaka Genome
We found a total of 31 Fox gene sequences by searching the genomic sequence of medaka. Together with the 5 published genes, there are thus 36 Fox genes encoded in the current assembly of the medaka genome. Further, all the newly found Fox genes were cloned using RACE PCR. After performing sequence analyses, these sequences were confirmed and submitted to Genbank (GenBank accession: FJ792649-FJ792679). We further assigned names to these genes from OlFoxA to OlFoxR1 according to the criteria published by the Chordata Fox Nomen clature Committee (http://biology.pomona.edu/ fox/) [Kaestner et al., 2000] and phylogenetic analysis. A summary of medaka Fox genes is shown in online supplementary table 2. Besides the current name, the Genebank Accession number, ORF length and the LG location of the corresponding genes are shown in the table.
Gene Structure and General Features of Fox Genes
In medaka, the approximate location of the FH domain and the size of the predicted proteins are different for different Fox genes. Among all the complete Fox genes, the smallest protein was FoxL2 (306 aa), the largest, FoxO5, with 668 aa. Besides the FH domain, we also found several other domains in medaka Fox genes by BlastP analysis. For instance, a HNF3_C domain was found at the C-terminal of the proteins in the FoxA subgroup; in Foxk1, the FH-associated domain was found at the N-terminal of the proteins. Most Fox genes have more than one exon; in addition, we found that the position of an intron was highly conserved at the N-terminal in the FoxA subclass (data not shown).
Phylogenetic Analysis
In order to study the phylogenetic relationship of Fox genes in more detail, all of the Fox genes from medaka, human, chicken, frog, zebrafish, and Caenorhabditis elegans were categorized into groups based on phylogenetic analyses of the amino acid sequences. The topology of the resulting neighbor joining tree (online suppl. fig. 1 , 2) revealed the evolutionary relationships in the Fox gene family. In online supplementary figure 1, as expected, all the medaka Fox genes can be classified into 18 subclasses, which were named from OlFoxA to OlFoxR1. However, in this study, we classified the OlFoxA3 (gi21263704) and OlFKH1 (NP_001098163) into groups A2 and A3, respectively, which diverged from published results [Okamoto et al., 2001] .
A larger phylogenetic tree comparing Fox families from medaka, human, chicken, frog, zebrafish, and C. elegans can be found in online supplementary figure 2. This phylogenetic tree displays the lineage-specific origin and expansion of Fox groups. For example, the FoxG group was represented as a single gene group in C. elegans ( CeFox2 ) . Expansion of this group in vertebrates such as chicken, humans and teleosts has resulted in the FoxP group containing 2 genes in medaka.
A summary chart of Fox gene subclasses at different evolutionary stages is shown in online supplementary figure 3. The chart shows the distribution of Fox transcription factors in the 7 species. The top part of the figure shows the phylogenetic relationships among the species. Almost all of the Fox subclasses can be detected among the deuterostomes, except for FoxE, FoxH, FoxR , and FoxS . The FoxI1, FoxJ, FoxL2, FoxM1 , and FoxQ1 subclasses can be detected in deuterostomes, but are absent in the ecdysozoans and cnidarian out-groups. Fox subclass FoxH and FoxR could be found only in Chordata, and the FoxS subclass could only be identified in human.
Chromosomal Synteny of Fox Genes
To examine the synteny of partial Fox genes, we identified the medaka Fox orthologs in human or mouse chromosomes using Synteny Database. The gene traces connecting the fox regions on mouse chromosomes to a region on medaka chromosomes are shown in online supplementary figure 4. The FoxO gene is a good example to show the full view of gene duplication and evolution in the fish linage, and so we analyzed the synteny mapping of foxO1/3 between medaka and human as follows.
FoxO1/3 Paralogs in the Human Genome
We examined the origins of FoxO1/3 paralogs in the human genome first. According to the results of BLASTP analysis, FOXO1 , located on human chromosome 13 (Hsa13), has a single paralog in the human genome, FOXO3, on chromosome 6 (Hsa6). A paralogy dotplot for Hsa13 ( fig. 1 A) showed this duplication pattern within a large region encompassing FOXO1. More than 60 Mb of Hsa13 contained genes with paralogs on Hsa 6, spanning the region that includes FOXO3 providing evidence that this region of Hsa13/Hsa6 was produced in a duplication event. Besides the entire genome view in dotplots, a gene trace model also provided a more detailed view of a conserved region (online suppl. fig. 5 ). The Synteny Database identified a conserved region of 12 pairs of Hsa13/Hsa6 paralogs near FOXO1 using a sliding window size of 50.
Orthology and Paralogy of Medaka foxo1 Chromosome Segments
The ortholog circle plot of figure 1 B summarizes the human and medaka syntenic clusters identified by the Synteny Database. So, the gene traces connect the region on Hsa13 with FOXO1 to a region on Ola13 with the foxo1a gene and the second connecting region on Hsa13 with FOXO1 to a region on Ola14 that does contain foxo1b .
An orthology dotplot for Hsa13 clearly showed strong conservation between genes on the long arm of Hsa13 and medaka genes on both chromosomes Ola13 and Ola14 (online suppl. fig. 6A ). The Synteny Database identified conserved regions between Hsa13 and both Ola13 and Ola14; a gene-by-gene comparison ( fig. 1 C) showed 21 pairs of orthologous genes surrounding the FOXO1/ foxo1a orthologs. Similarly, the orthologous syntenic cluster associated with medaka foxo1b has 40 pairs of orthologs between Hsa13 and Ola14 ( fig. 1 C) .
Orthology and Paralogy of Medaka foxo3 Chromosome Segments
We examined the Synteny Database with an orthology dotplot of Hsa6 which contain FOXO3. The dotplot revealed strong conservation between Hsa6 and Ola11 or Ola16 (online suppl. fig. 6B ). Similarly, the gene traces in the circle plot connect the region on Hsa6 with FOXO3 to a region on Ola11 and Ola16 with foxo3b and foxo3a genes, respectively ( fig. 1 B) . The Synteny Database found 2 conserved regions on Hsa6 surrounding FOXO3 and they are orthologous to Ola11 and Ola16 (online suppl. fig. 7 ). The conserved region between human and medaka synteny block contains 15 and 3 pairs of orthologous genes providing strong support. 
Spatial and Temporal Expression Patterns
Expression Patterns in Adult Tissues qPCR results showed that foxd1 was mainly expressed only in the brain and ovary, and the expression level in ovary was 3-fold higher than that in the brain ( fig. 2 A) . In figure 2 A, the expression of foxf1 could be detected in the ovary and intestine, and the expression level in ovary was 9-fold higher than that in the intestine.
For foxi1 and foxk1 , qPCR results showed that foxi1 was expressed both in the ovary and intestine, and foxk1 mainly in the ovary. For foxi1 , the relative expression level in the intestine was 15-fold higher than that in the ovary ( fig. 2 A) .
Foxl2 was mainly expressed in the ovary but also in the liver and brain. However, the relative expression level in the liver and brain were 18-to 25-fold lower than that in the ovary ( fig. 2 A) . Foxm1 was mainly expressed in adult ovary and testis, and the expression level of this gene in these 2 tissues is much higher than in other tissues ( fig.  2 A) .
Foxo1a was expressed in the ovary and eye, and the relative expression level in the ovary was 3-fold higher than in the eye ( fig. 2 A) . Foxq1 was expressed in the spleen and ovary, and the expression levels between these 2 tissues are similar ( fig. 2 A) .
Unlike other Fox genes we identified, the foxp1 transcription factor was expressed in all the tissues examined in this study, including liver, spleen, intestine, eye, ovary, and testis, with the ovary showing the highest expression level among all the other tissues examined ( fig. 2 A) .
Expression Patterns in Embryonic Development
Similar to the WISH results, qPCR data showed that most of the fox genes are expressed before the gastrula stage, with the exception of foxi1 . We could not detect foxi1 at the 8-cell and gastrula stages ( fig. 2 B, fig. 3 G-I) . Three genes are expressed at relatively higher levels: these genes are foxf1 , foxm1 (at blastula and gastrula stage) and foxp1 ( fig. 2 B, fig. 3 D-F, P-R, V-X). foxd1 and foxo1a display low abundance at blastula and 2-8-cell stage, respectively ( fig. 2 B, fig. 3 A-C, S-U).
Seven genes are expressed in the brain: these genes are foxd1, foxf1, foxi1, foxk1, foxl2, foxm1 , and foxq1 . Among the 7 genes, foxd1 and foxf1 are also expressed in the gut tube from 1 day after fertilization (daf) to 1 day after hatching (dah) stage ( fig. 3 C, F) , and the relative levels of these 2 transcripts increases steadily until they reached a peak at stage 40, respectively ( fig. 2 B) . Foxd1 transcripts are also detected in the pineal gland at 3 daf (stage 29, fig.  3 B) . The remaining 5 genes can be detected by qPCR; however, detection by WISH was not obvious, especially for foxi1 and foxq1 ( fig. 3 I, Za) .
Foxo1a was expressed in the olfactory pit and swim (air) bladder, where its expression was detected from 2 daf (stage 25) and 5 daf (stage 34), respectively. The signal intensity of this gene increases steadily in the 2 tissues until 1 dah (stage 40, fig. 3 
T, U).
Foxp1 was predominantly expressed in the medulla oblongata from 2 daf (stage 25) to 6 daf (stage 39). Transcript number increases until reaching a peak at 4 daf (stage 31) before it decreases until 1 dah (stage 40, fig. 3 W-X).
Discussion
Fox Genes in Medaka
Based on the new nomenclature [Kaestner et al., 2000] and phylogenetic analysis with human FOX genes, the present study revealed the presence of 31 Fox genes in 18 subclasses in the medaka genome (suppl. table 2). We can-A B Fig. 2 . The expression patterns of partial Fox genes in adult tissues and embryo development stages using qPCR. The relative expression levels (RNA abundance) were calculated by dividing the number of copies of the target gene by that of ␤ -actin ( A ), the expression pattern in 7 adult tissues detected by qPCR. B The expression pattern in 10 stages (St. 3-40) of embryo development detected by qPCR. daf = Day after fertilization; dah = day after hatching. not claim to have identified all the Fox genes in this species, due to possible uneven representation of cDNAs in the mRNA pools, some gaps in whole genome sequences in the database and/or bias originating from the primer sets.
Comparative Genomics of Medaka Fox Loci
Vertebrate genomes contain numerous duplicate genes, many of which are organized into paralagous regions indicating duplication of linked groups of genes. Retention of linkage between clustered Fox genes observed in humans, amphioxus and some insects has been hypothesized to have been constrained by co-ordinated regulation, analogous to that suggested for the homeobox genes [Mazet et al., 2006] . In medaka, zebrafish and human genomes, we found evidence for Foxq1-Foxf2-Foxc1 linkage; however, only the Foxf1-Foxc2-Foxl1 linkage exists in human, and foxc2 appears to have been lost in the medaka and zebrafish genomes (online suppl. table 3). Therefore, our data are consistent with previous results and suggested a break-up of Fox cluster in vertebrates, especially for the teleosts.
The Evolution and Gene Duplication of Fox Genes in Vertebrates
The hypothesis that teleost fish experienced a third genome duplication after splitting from the lineage that led to humans [Amores et al., 1998; Naruse et al., 2004; Postlethwait et al., 2004] predicts that there should be 2 orthologs (co-orthologs) of each human FOXO1/3 gene in the medaka and other teleosts. To test these predictions, we used the Synteny Database to identify medaka orthologs of human FOXO1 and FOX3 and then used the Synteny Database to search for conserved synteny in regions surrounding those orthologs. The ortholog circle plot of figure 1 B summarized the human and medaka syntenic clusters identified by the database. Together with the data shown in the figure 1 and other synteny analyses shown in the online supplementary figures, the third genome duplication had been clearly described in terms of FOXO1 and FOXO3 gene evolution pattern.
Spatial and Temporal Expression Patterns
FoxD1 was successfully used to convert ectoderm into neural tissue in Xenopus embryos [Mariani and Harland, 1998 ]. In this study, a high level of foxd1 was detected in the forebrain and pineal gland by WISH from 2-4 daf during medaka development. This expression pattern shows that this gene has a potential role in regulating neural system development. The high expression level in the gut tube indicated that the foxd1 transcripts are involved in gut development.
During embryonic development, FoxF1 was expressed mostly in the mesenchyme of various organs, such as the digestive, respiratory and urinary tracts [Ormestad et al., 2004] . Similar with foxd1, the expression pattern in the gut shows that this gene has a potential function in gut formation and digestive system development in medaka.
A recent study showed that FoxO1 null embryos exhibit defects in vascular development, indicating that FKHR plays an important role in blood vessel formation [Hosaka et al., 2004] . However, in our study, qPCR results showed that this gene was mainly expressed in the eye and ovary, and WISH data also confirmed that foxo1a transcripts play an important role in olfactory pit and swim bladder development.
Previous reports showed that FoxP1 mRNA was highly expressed in the striatum projection neurons during the late stage of development [Tamura et al., 2002] . In this study, strong signals can be found in the medulla oblongata from stage 20-40. The expression pattern of foxp1 mRNA in medaka suggests that foxp1 may play a role in the development of basal ganglia of the developing and central nervous system. FOXQ1 has been isolated and characterized in humans where it was strongly expressed in the stomach, trachea, bladder, and salivary gland and weakly expressed in adult and fetal kidney and lung tissue [Bieller et al., 2001] . However, in this study, both qPCR and WISH results only showed that this gene may be involved in spleen and brain developmental processes, indicating that foxq1 expression was compatible with multiple functions of embryonic development.
In summary, we identified the Fox family genes in medaka in the whole genome and investigated expression patterns in different adult tissues and embryonic stages. Synteny analysis results confirmed the lineage-specific evolution in medaka in terms of the Fox gene family. This work will help us to understand the evolution of the whole Fox family and genome duplication in different taxa and the molecular mechanisms for many developmental processes in which these genes are involved.
